 Flowering plants display extraordinary diversity in the morphology of male sexual 21
. Heteranthery occurs in diverse taxonomic 52 groups and in a variety of forms indicating that it has most likely evolved on multiple 53 independent occasions during the history of the flowering plants (Graham & Barrett, 1995; 54 Jesson & Barrett, 2003) . 55
In heterantherous species, stamen differentiation within flowers involves the shape, 56 colour, and/or size of anthers. Most commonly, two types of anthers are distinguishable. The 57 first is centrally located in the flower and composed of brightly coloured stamens (usually 58 yellow) that are short in length, and which are easily manipulated by pollen-collecting 59 visitors. The second type of anther is displaced away from the central axis of the flower, is 60 often cryptically coloured, and the individual anthers are usually larger in size than the 61 preceding type (Vallejo-Marín et al., 2009; Barrett, 2010) . Less commonly, a third type of 62 stamens occurs resembling the centrally located anthers, although it can be slightly larger Barrett, 1995; Jesson & Barrett, 2003) . These associations 80 strongly suggest that heteranthery represents a convergent floral syndrome that has evolved 81 as a result of pollinator-mediated selection. However, associations between heteranthery and 82 floral and pollination traits have not been investigated more widely in angiosperms and this is 83 the main goal of our study. 84
Here, we use phylogenetic comparative methods to examine associations between 85 heteranthery and several floral and pollination traits that have been previously observed to 86 5 co-occur with this condition. We begin by identifying families in which heteranthery occurs 87 through a literature survey and document traits commonly associated with this condition. We 88 then specifically test for correlated evolution between heteranthery and the presence versus 89 absence of nectaries, enantiostyly and poricidal anthers (buzz-pollination). 90
Materials and Methods

91
Data collection
92
We performed a literature search for families containing heterantherous species. Our primary 93 sources included Vogel (1978), Buchmann (1983), Endress (1994; , 1996) and Jesson and 94 Barrett (2003) , and ISI Web of Science where we performed a search using the term 95 heteran*. To record buzz-pollination, the list of poricidally-dehiscent/buzz-pollinated 96 angiosperm families reported in Buchmann (1983) was updated and expanded using ISI Web 97 of Science using the search terms: buzz-poll* OR buzz poll* OR poricida*. Most species 98 with poricidal anthers are buzz-pollinated, although there are exceptions (e.g. Araceae, 99
Balanophoraceae, Mayacaceae) (Buchmann, 1983). We obtained information on the presence 100 or absence of floral nectaries from Bernardello (2007) . with degrees of freedom equal to the difference in parameters between the models being 141 compared (Pagel, 1994) . If the dependent model provides a significantly better fit to the data, 142 then one can conclude that the two characters evolve in a correlated fashion. 143
Pagel's test of correlated evolution requires dichotomous trees with non-zero branch 144 lengths. However, our tree included several polytomies that represent uncertainty in the 145 phylogenetic reconstruction. To address this issue, we randomly resolved polytomies using 146 the R-program APE (Paradis et al., 2004), and created a sample of 1000 of these randomly 147 resolved trees, in which all branch length were set to one. We then conducted Pagel's test in 148 all 1000 trees in our sample to assess the robustness of our results to particular phylogenetic 149 hypotheses. 150
Results
151
Taxonomic distribution of heteranthery
152
Heteranthery has been reported from 20 families (Endress, 1994, p. 153). We excluded some 153 of these families from our analyses either because one set of anthers produced sterile pollen 154 (e.g. Gesneriaceae, Gao et al., 2006) , or because we considered two taxa as part of the same 155 family (e.g. Caesalpinaceae was included within Fabaceae). In the case of Liliaceae and 156
Gentianaceae, heteranthery has been reported previously (Vogel, 1978; Endress, 1994) ; 157 however, we were unable to verify these reports by finding information of the identity of 158 heterantherous species in these families, and thus we excluded them from the present 159 analysis. Representative species for each of the 16 families included in our analyses are 160 provided in Table S1 , together with information on floral characteristics and pollinators at the The number of species in each family for which heteranthery is reported varied 168 enormously. For example, the only report of heteranthery in the Anacardiaceaewhich 169 contains approximately 600 species in 70 genera (Zomlefer, 1994 were taken into account, we found strong support indicating that the evolution of heteranthery 210 and poricidal anthers (buzz-pollination) are strongly associated (P <0.001; Table 1 ). This 211 pattern of correlated evolution was highly significant in all of the 1000 trees included in our 212 sample indicating that our finding is robust to the particular phylogenetic hypothesis being 213
used. 214
Heteranthery and Enantiostyly. Of the 15 families with heteranthery included in our 215 phylogenetic analysis, six contained enantiostylous species. In contrast, the incidence of 216 enantiostyly among flowering plants as a whole is very low (<3%; 11 out of 440 families). 217
Our analysis provided strong support for the correlated evolution of heteranthery and 218 11 enantiostyly (P<0.001, Table 1 ); a result that was not strongly influenced by the particular 219 phylogenetic hypothesis that was used. 220
Heteranthery and Nectaries. We found information on the presence versus absence of 221 nectaries at the family level for 362 plant families. Among all families, 196 contained mostly 222 taxa with nectaries, 156 contained taxa with and without nectaries (polymorphic), and 10 223 generally lacked nectaries. Of the 166 families in which nectaries have been lost, 7% (11 224 families) included heterantherous taxa, while heteranthery occurred in 3% (5 families) out of 225 the 196 families in which nectaries are widespread. Tests of correlated evolution indicated 226 that a model in which heteranthery and the absence of nectaries evolve in a correlated fashion 227 fits the data better than one in which these two characters evolve independently (Table 1 , P 228 <0.05). The correlated evolution model provided a better fit than the independent model over 229 our entire sample of phylogenetic trees (Table 1) . 230
Discussion
231
Heteranthery is one of several types of stamen dimorphism within angiosperm flowers. It has 232 evolved in at least 12 orders indicating independent origins and suggesting that the selective 233 forces responsible for the evolution of heteranthery are encountered by disparate animal-234 pollinated taxa. The number of independent evolutionary origins of heteranthery is unknown, 235 although it is certainly larger than the number of families in which it occurs, as heteranthery 236 has evolved independently several times even within the same genus e.g. Solanum (Bohs et 237 al. 2007 ). Our study identified several common features associated with heteranthery 238 including the lack of floral nectaries, poricidal anthers, enantiostyly, few stamens, bee 239 pollination, and, in some groups, weakly to strongly zygomorphic perianths. However, not 240 12 surprisingly given the diverse affinities of heterantherous taxa, there are many exceptions to 241 these patterns. 242
Correlated evolution
243
Our phylogenetic analyses revealed a strong correlation between heteranthery and poricidal 244 anthers, lack of nectaries and enantiostyly (Table 1) . Although our analyses were conducted 245 at the family level, and in most groups heteranthery was only evident in a small proportion of 246 species within a family, we were still able to detect patterns of correlated evolution. The fact 247 that our analysis was sensitive enough to uncover patterns of association at the family level 248
gives us confidence that the associations we uncovered are likely to reflect the evolution of 249 strong functional associations. However, family-level analysis has the disadvantage that it is 250 difficult to dissect the sequence of character state associations required to understand the 251 assembly of the heterantherous syndrome. Knowing the order of acquisition of correlated 252 traits is critical for understanding why heteranthery has arisen in some groups and not others. that anther dimorphism represents the specialization of stamens into fertilizing and feeding 279 functions (H. Müller, 1881; F. Müller, 1883). According to the "division of labour" 280 hypothesis, the short, centrally located and brightly coloured set of anthers serves to attract 281 and reward pollinators (feeding anthers), while the second anther or anther set of larger, 282 cryptically-coloured, anther(s) is involved mostly in fertilization (pollinating anthers). 283 Therefore, the division of labour hypothesis rests on two tenets: first, pollinators focus their 284 pollen collecting efforts on feeding anthers more than on pollinating anthers; and second, 285 The division of labour hypothesis predicts that heteranthery should occur in species in 294 which pollen is the only reward for pollinators. Table S1 indicates that the main pollinators of 295 families with heterantherous species are insects, especially bees. Our finding that 296 heterantherous species occur in families in which nectaries are entirely absent, or have been 297 lost in some groups, also suggests an important role for pollen as the sole floral reward. 
